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Center, as  Technical Manager. The report was 
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ABSTRACT 

Large 7079-T652 hand forgings were  evaluated for 
pump impeller and inducer applications in liquid 
oxygen/liquid hydrogen rocket engines. 

The resul ts  of mechanical property tests,  reheat- 
treatment experiments, and microstructural  studies 
a r e  presented. The application of 7079 alloy in a 
cryogenic environment is  discussed based upon the 
tes t  results,  and recommendations a r e  made for 
metallurgical analysis of the m o r e  promising alloys. 
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I. SUMMARY 

Seve ra l  l a r g e  7079-T652 aluminum a l l o y  fo rg ings ,  which were cand ida te  

4 

materials f o r  u se  as pump i m p e l l e r s  and induce r s  i n  l i q u i d  oxygen-l iquid 
hydrogen rocke t  engines ,  were eva lua ted .  

A number of f a c t o r s  were determined, i nc lud ing  t h e  i n f l u e n c e  of  c ryogenic  
temperatures  upon smooth- and notched-bar t e n s i l e  p r o p e r t i e s ,  t h e  e f f e c t  o f  
-T6 temper r e h e a t  t r ea tmen t  ( a f t e r  rough machining) upon t e n s i l e  p r o p e r t i e s ,  
mechanical  f a t i g u e  s t r e n g t h s  under completely r eve r sed  bending and t ens ion /  
compression a x i a l  s t r e s s i n g ,  and mic ros t ruc tu re .  

The 7079 fo rg ings  were cha rac t e r i zed  by good notch  toughness a t  ambient 
temperature .  
extremely no tch  s e n s i t i v e  a t  -423OF. 
o r i e n t a t i o n  as w e l l  as  m a t e r i a l  s t r e n g t h  and d u c t i l i t y .  The poor notch  t o u g h  
ness  o f  7079 fo rg ings  a l s o  appea r s  t o  be in f luenced  by i m p u r i t i e s  ( i n c l u s i o n s ) ,  
a cored m i c r o s t r u c t u r e ,  and hLgh a l l o y  conten t .  The -T6 r e h e a t  t rea tment  s i g -  
n i f i c a n t l y  inc reased  t e n s i l e  s t r e n g t h  but decreased smooth-bar d u c t i l i t y  a s  
w e l l  as no tch  toughness.  I n  reversed  bending, f a t i g u e  s t r e n g t h s  c l o s e l y  
approximated those  f o r  commercial-size products  and w e r e  h i g h e r  than the  f a t i g u e  
s t r e n g t h s  obta ined  i n  tension/compression s t r e s s i n g .  

These fo rg ings  w e r e  s l i g h t l y  notch s e n s i t i v e  a t  -320°F and 
Notch s e n s i t i v i t y  va r i ed  w i t h  specimen 

These s t u d i e s  show t h a t  t h e  7079-T652 fo rg ings  appear  t o  have s a t i s f a c -  
t o r y  p r o p e r t i e s  f o r  i m p e l l e r  s e r v i c e  i n  l i q u i d  engines  a t  temperatures  down t o  
-320OF; however, a p p l i c a t i o n  i n  inducers  a t  -423OF i s  n o t  recommended f o r  t h e  
s i z e s  be ing  considered because o f  poor notch toughness and low f a t i g u e  s t r e n g t h .  
Nicke l -base  a l l o y s ,  a lpha  A-110-AT-ELI t i t an ium a l l o y ,  and aluminum a l l o y s  
developed s p e c i f i c a l l y  f o r  cryogenic  s e r v i c e  are considered more promising f o r  
i nduce r  s e r v i c e .  However, t he  n i c k e l  and t i t an ium a l l o y s  a r e  on ly  a p p l i c a b l e  
i f  t h e i r  h i g h e r  d e n s i t i e s  can be t o l e r a t e d .  A l l  o f  t h e s e  a l l o y s  must be m e t a l -  
l u r g i c a l l y  analyzed t o  determine t h e i r  s u i t a b i l i t y  f o r  l a r g e  -423'F inducers .  

I1 INTRODUCTION 

Aluminum a l l o y s  o f f e r  unique advantages as a material of a c o n s t r u c t i o n  
because o f  t h e i r  low d e n s i t y ,  good s t r e n g t h ,  and d u c t i l i t y .  They a l s o  have 
e x c e l l e n t  co r ros ion  r e s i s t a n c e .  Ce r t a in  aluminum a l l o y s  possess  good tough- 
n e s s  and they  a r e  used i n  l i q u i d  rocke t  engine  hardware as w e l l  a s  ground 
equipment exposed t o  l i q u i d  oxygen (-297OF) and l i q u i d  hydrogen (-423OF). 
S e v e r a l  o f  t h e  t y p i c a l  g rades  commonly used are  2014 (Thor and T i t a n  s t r u c t u r a l  
tankage)  , 5456 ( f i r s t - s t a g e  Sa tu rn  C - 1  kerosene and l i q u i d  oxygen tanks) ,  2219 
(Sa tu rn  S-1C launch v e h i c l e ) ,  5083 ( l i q u i d  hydrogen s t o r a g e  tanks)  , and 6061 
(used e x t e n s i v e l y  i n  systems and con t ro l s  hardware, such as  va lve  bodies ,  s e a l s ,  
and c o n d u i t s ,  a t  tempera tures  down t o  -423OF). 

The 7000-ser ies  a l l o y s  are the  h ighes t  s t r e n g t h  aluminum a l l o y s .  These 
a l l o y s  have been used a t  tempera tures  a s  low as -320°F, bu t  no t  g e n e r a l l y  below 
t h a t  p o i n t  because of t h e i r  r e l a t i v e l y  poorer  toughness.  Grade 7075 i s  used 
i n  T i t a n  I pump i m p e l l e r s ,  which opera te  i n  kerosene and l i q u i d  oxygen (-297OF). 
The major  f a c t o r s  f o r  s e l e c t i n g  Grade 7075 over  oEher a l l o y s  and s teels  were 
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f u l  experience w i t h  7075 i n  T i t a n  I,  7075 was a g a i n  used i n  T i t a n  I1 pump 
i m p e l l e r s  which ope ra t e  i n  noncryogenic p r o p e l l a n t  combinations o f  

Experience has  demonstrated t h a t  7079 aluminum a l l o y  has  the  h i g h e s t  
mechanical  p r o p e r t i e s  o f  t h e  7000 ser ies  a l l o y s .  When a s t r e n g t h - t o - d e n s i t y  
b a s i s  i s  considered,  t h e  7079 a l l o y  appeared promising f o r  pump i m p e l l e r s  and 
induce r s  o f  the newer l i q u i d  oxygen-l iquid hydrogen engines  because t h e  lower 
s t r e n g t h  7079 a l l o y  opera ted  s u c c e s s f u l l y  i n  l i q u i d  r o c k e t  engines  a t  t e m -  
p e r a t u r e s  down t o  -320'F. 
and mechanical p r o p e r t i e s  of l a r g e  7079 f o r g i n g s  were nonex i s t en t  f o r  des ign  
a n a l y s i s .  

However, impe l l e r  and induce r  s i z e s  have inc reased  , 

An i n v e s t i g a t i o n  w a s  undertaken t o  o b t a i n  d e s i g n  mechanical  p r o p e r t y  
data f o r  f i v e  l a r g e  7079-T652 fo rg ings  of  i n t e r e s t  f o r  pump a p p l i c a t i o n s  i n  
a l i q u i d  rocke t  engine o p e r a t i n g  i n  l i q u i d  oxygen and l i q u i d  hydrogen envi ron-  
ments. I t  i s  t h i s  d a t a  t h a t  i s  d e l i n e a t e d  i n  t h i s  r e p o r t .  Conclusions and 
recommendations regard ing  t h e  usage o f  7079-T652 f o r g i n g s  exposed t o  a cryo-  
g e n i c  environment a r e  a l s o  inc luded .  

(1) AeroZINE 50 i s  a 50/50 f u e l  blend o f  unsymmetr ical  d imethyl  hydraz ine  

(2) Mechanical P r o p e r t i e s  of  7075-T6 and 7079-T6 Aluminum Al loy  Forg ings ,  

(UDMH) and hydrazine (N2H4). 

Report  MM-58, Aero je t -Genera l  Corp., 1957. 

i 

(3 )  Aluminum Al loy  Forg ings ,  7075-T652 and 7079-T652, Summary Report  
R-RE-MMP, George C .  Marsha l l  Space Cen te r ,  1964. 
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111. TECHNICAL DISCUSSION 

A. MATERIAL 

The fo rg ing  m a t e r i a l  cond i t ion  and chemistry a re  l i s t e d  i n  Table  5 
a long  wi th  the  fo rg ings  dimensions and t e s t  s e c t i o n  dimensions.  The t e s t  
s e c t i o n s  are shown i n  F igu res  9 through 11. 

B. TESTING PROCEDURE 

The g e n e r a l  t es t  procedure c o n s i s t s  of  c u t t i n g  tes t  r i n g s  from t h e  
p e r i p h e r a l  area o f  t h e  fo rg ings ,  as shown i n  F igu res  9 and 10. These t e s t  
r i n g s  were machined i n t o  t e n s i l e  specimens which were subsequent ly  t e s t e d ;  t h e  
t e s t  r e su l t s  were then compared wi th  those o f  l i k e  t e n s i l e  specimens, which 
had been taken  from the  i n t e r i o r  a r e a s  of t h e  sec t ioned  forg ing .  

Con t ro l  specimens i n  the  -T652 temper were tes ted f o r  b a s e - l i n e  
p r o p e r t i e s ;  t h e  t es t  r e s u l t s  were compared wi th  those  o f  specimens t h a t  were 
taken  from t e s t  r i n g s  pa r t ed  from the  forg ing  and given t h e  -T6 hea t - t r ea tmen t  
(pe r  MIL-H-6088) a f t e r  rough machining. 
t r ea tmen t  s t u d i e s  were taken from the  a r e a s  shown i n  F igure  11. 

The samples used i n  the  r ehea t -  

The c o n f i g u r a t i o n  and dimensions o f  t e n s i l e  specimens are shown i n  
F igu re  12. They are  s tandard  des igns  and t h e  stress concen t r a t ion  o f  t h e  
notched specimen i s  approximately 6.3. Specimen o r i e n t a t i o n s  were a x i a l ,  
r a d i a l ,  and t a n g e n t i a l .  

Tension tes t s  were conducted using s tandard  t es t  equipment a t  
0.005 in . / i n . /min  s t r a i n  ra te  a t  ambient temperature ,  a t  -320°F by immersion 
i n  l i q u i d  n i t r o g e n ,  and a t  -423'F by immersion i n  l i q u i d  hydrogen. 

Fa t igue  t e s t s  were conducted under tension/compression and bending 
s t r e s s  a t  ambient temperature  us ing  s tandard  t es t  equipment. The f a t i g u e  
specimens were taken from the  i n t e r i o r  a r e a s  of t he  sec t ioned  fo rg ing ;  t h e i r  
c o n f i g u r a t i o n  and dimensions a r e  shown i n  F igu res  13 and 14. 

C. TEST RESULTS 

1. Mechanical P r o p e r t i e s  of Hand Forging "A" 

The t e n s i o n  da ta  fo r  the  t es t  r i n g  and c e n t e r  s e c t i o n  a re  
l i s t e d  i n  Tab les  6 and 7 and shown g r a p h i c a l l y  i n  F igu res  15 through 20. The 
r e l a t i v e  l o c a t i o n  of  t h e s e  s e c t i o n s  i s  seen i n  F igu re  9. 

The t e s t  r e s u l t s  s u b s t a n t i a t e d  the  fo l lowing  conclus ions  
r ega rd ing  t h e  l a r g e  7079-T652 i m p e l l e r  forg ing .  i 

a .  The i n c r e a s e  of the 0.2% o f f s e t  y i e l d  s t r e n g t h  wi th  d e -  
creasing temperature m i 5  gradua l  over  the e n t i r e  temperature  range from 
ambient t o  -423OF. 
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@ Forging I1A"4 
Test Ring 
specimens 
taken from 
t h i s  area 

21;m 
d i d  min I 

2 Forging IrA1*, Center Sec t ion  
specimens taken f r o m  t h i s  
area a t  mid-radius and mid- 
h e i g h t  l o c a t i o n  P 

I I 21.50 

I Sect ion  
Center 

I 

1 
3 Forging lrBn 

specimens 
taken from 
t h i s  area 

c 
-7 

- 2.50 
d i a  max 

Specimen loca t ion ,  Impel ler  Plank, Oxidizer Pump, Forgings "A" 
and "R" specimens from Test Rine and Center  Sec t ion  w e r e  of 
axial, r a d i a l ,  and tangent ia l  o r ien ta t ions .  specimens were 
smooth and notched types per Figure 12. 

n. I igiire 9 

Spec imen  i uca t l o r ; ,  Impeller Blank, O x i d i z e r  Pump, 
F o r g i n g s  "A" a n d  "B" 
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Test 
Ring 

*\  10 

30 I 

Section B 

(Center) 

Ll-4 L . 0 0  

I 
1 
I 
I i6*44'7 --I-- 

.+ 2.50 
d i a  max 

1 

8.50 

I 1 - -7-- 
I 
1 
I 

1- 

L Specimen location, Inducer Blank, Fuel 
Pump, Forgings rrCrt 

and trDr' specimens from Test Rings were of t angen t i a l  
orientation. 
radial ,  and tangent ia l  or ientat ions.  
and notched types per Figure 12.  
Fuel Pump, Forging trDrr were of li Ice tanl);ent,ial o r i  e n t a t i  on 
as Test Ring specimens and were taken froin sib, : lar  J.orstio11~. 

Those from t e s t  sect ions were of axial, 
Specimens were smooth 

Specimens f r o a  Tnducer, 

d i a  

Figure 10 
Specimen Location, Inducer Blank, Fuel Pump, Forgings "c" and "D" 
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F i g u r e  11 
Specimen Locat ion ,  inducer  Blank,  Fiie? Piimp, Forging "E" 
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Figure 12 
Tensile Specimen Configurations 
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Tension/Compression Fatigue Specimen 
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Figure 15 

Mechanical P r o p e r t i e s  of  Forging "A" T e s t  Ring 
The Ef fec t  of  Temperature on t h e  Smooth-Bar 



. 

Figure 16  

Mechanical P r o p e r t i e s  o f  Forging "A" T e s t  Ring 
The E f f e c t  of  Temperature on t h e  Notched-Bar 
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Figure  17  

Mechanical P r o p e r t i e s  of Forging f fA f f  Center  S e c t i o n  
The E f f e c t  o f  Temperature on t h e  Smooth-Bar 
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Figure 18 

The Effect of Temperature on the ii'otchsd-E?ar 
Mechanical Propercies of Forglng "A" Center Section 
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Figure 19 

:1 t t  

. 

Comparison of Forging "A" Test Ring and Center Section 
Mechanical Properties 
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Figure 20 

Forging "A" Notch-Yield Ra t io  vs P i e i d  S t r e n g t h  
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b. The u l t i m a t e  s t r e n g t h  inc reased  as t h e  t e s t i n g  tempera- 
t u r e  w a s  decreased and a t  approximately t h e  same g radua l  r a t e  as  t h e  y i e l d  
s t r e n g t h .  The 7079 a l l o y  experienced a low work hardening ra te ,  as i n d i c a t e d  
by the  gradual  i n c r e a s e  w i t h  a lowering of  temperature .  

c .  D u c t i l i t y ,  a s  measured by e longa t ion  and area r educ t ion ,  
e x h i b i t e d  a r eve r se  t r end  -- a decrease  w i t h  lowering of  temperature .  Th i s  i s  
uncommon fo r  a wrought, face-centered-cubic  a l l o y  where d u c t i l i t y  does n o t  
change apprec iab ly  w i t h  a temperature  decrease .  

d .  The n o t c h - t e n s i l e  s t r e n g t h  and t h e  n o t c h - t e n s i l e  
(notched t e n s i l e  s t rength /smooth  b a r  t e n s i l e  s t r e n g t h )  and no tch -y ie ld  
(notched t e n s i l e  s t rength /smooth  ba r  y i e l d  s t r e n g t h )  r a t i o s  decreased as t h e  
t e s t i n g  temperature  w a s  decreased .  Th i s  i s  a n  i n d i c a t i o n  o f  reduced toughness.  
The toughness,  as  measured by notch-y ie ld  r a t i o ,  i s  q u i t e  good a t  ambient 
temperature ,  i s  margina l  a t  -320°F, and i s  poor a t  -4230F.  There w a s  conside-  
r a b l e  scatter o f  n o t c h - t e n s i l e  d a t a  a t  very  low tempera ture ,  p a r t l y  because of 
t he  r e l a t i v e l y  poor toughness o f  Grade 7 0 7 9 .  

e .  The fo rg ing  e x h i b i t e d  a n  a n i s o t r o p i c  c o n d i t i o n ,  which i s  
i l l u s t r a t e d  by t h e  va r i ance  of t h e  smooth-bar p r o p e r t i e s  o f  specimens i n  t h e  
a x i a l ,  r a d i a l ,  and t a n g e n t i a l  o r i e n t a t i o n s .  The p r o p e r t i e s  were g e n e r a l l y  
h i g h e s t  i n  the  g r a i n  flow ( a x i a l )  d i r e c t i o n  a s  i s  common i n  o t h e r  a l l o y s .  

f .  The mechanical p r o p e r t i e s  were s t r o n g l y  in f luenced  by the  
mass-quench e f f e c t .  Th i s  i s  i l l u s t r a t e d  by t h e  s i g n i f i c a n t  v a r i a t i o n  o f  t h e  
c e n t e r - s e c t i o n  and t e s t  r i n g  p r o p e r t i e s  a t  t h e  corresponding t e s t i n g  tempera- 
t u r e s ,  a s  shown i n  F igure  1 9 .  The t e s t  r i n g  g e n e r a l l y  had h ighe r  s t r e n g t h  
and lower d u c t i l i t y  than t h e  c e n t e r  s e c t i o n .  The v a r i a t i o n  was c o n s i s t e n t  i n  
the  a x i a l ,  r a d i a l  and t a n g e n t i a l  specimen o r i e n t a t i o n s .  I n  a subsequent  
s e c t i o n  of  t h i s  r e p o r t  i t  w i l l  be shown t h a t  t h e  p r o p e r t i e s  a re  in f luenced  by 
g r a i n  s i z e ,  which i s  c o n t r o l l e d  by hot-working. 

g .  The no tch -y ie ld  r a t i o  i s  a n  i n v e r s e  f u n c t i o n  of  y i e l d  
s t r e n g t h ,  as  shown i n  F igure  20. Y i e l d  s t r e n g t h  and d u c t i l i t y  a r e  a l s o  
i n v e r s e l y  r e l a t e d .  For c ryogenic  s e r v i c e ,  a material  wi th  a h igh  no tch -y ie ld  
r a t i o  ( g r e a t e r  than u n i t y )  as w e l l  as h igh  y i e l d  s t r e n g t h  i s  d e s i r e d .  Th i s  
cond i t ion  i s  n o t  s a t i s f i e d  w i t h  G r a d e  7 0 7 9  i n  fo rg ings  o f  t h e  s i z e  under con- 
s i d e r a t i o n .  

Recent d a t a  ( 4 )  r e l a t e d  the  no tch -y ie ld  r a t i o  and y i e l d  

Highes t  no tch -y ie ld  r a t i o s  were ob ta ined  
s t r e n g t h  f o r  6 0 6 1 ,  5 4 5 6 ,  2 0 1 4 ,  2 0 1 9 ,  7 0 3 S ,  and X 7 1 0 6  i n  a s imilar  no tch -y ie ld  
r a t i o  ve r sus  y i e l d - s t r e n g t h  p l o t .  
w i th  the  lowest y i e l d  s t r e n g t h s  i n  t h e s e  aluminum a l l o y s .  Adequate combinat ion 
o f  high notch-y ie ld  r a t i o s  and h igh  y i e l d  s t r e n g t h s  a r e  n o t  observed i n  t h e s e  
commercial aluminum a l l o y s  a t  very  low tempera tures .  

( 4 )  Campbell, J.E., P r o p e r t i e s  and A p p l i c a t i o n s  o f  Aluminum Al loys  a t  LOW 
Temperatures,  B a t t e l l e  Memorial I n s t i t u t e ,  1 9 6 4 .  
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2. Mechanical P r o p e r t i e s  o f  Hand Forging "B'l 

T e n s i l e  da t a  f o r  t h e  t es t  r i n g  a r e  l i s t e d  i n  Table 8 and shown 
g r a p h i c a l l y  i n  F igure  21. 

The s t r e n g t h s  are s l i g h t l y  h i g h e r  and t h e  d u c t i l i t i e s  are lower 
than those  o f  t h e  Hand Forging "A" t e s t  r ing .  
test r i n g s  wi th  r e s p e c t  t o  the  pe r iphe ry  of t h e  forg ing  i s  shown i n  F igure  9 .  
Specimens o f  Hand Forging "Brr were taken  c l o s e r  t o  t h e  s u r f a c e  where g r e a t e r  
hardening response and mechanical working r e s u l t e d  i n  h ighe r  s t r e n g t h .  

The r e l a t i v e  p o s i t i o n  of  t he  

I n  agreement wi th  previous d a t a ,  s t r e n g t h  and d u c t i l i t y  a r e  
in f luenced  i n  a manner s imi l a r  t o  t h a t  descr ibed p rev ious ly  upon exposure t o  
low temperatures .  A t  low temperatures ,  t h e  YS/UTS r a t i o s  ( y i e l d  s t r e n g t h  t o  
u l t i m a t e  s t r e n g t h  i n  a smooth-bar t e s t  specimen) were no tab ly  h igh ,  which i s  
undes i r ab le  i n  a cryogenic  a l l o y .  

Based upon notch-y ie ld  c r i t e r i a ,  t he  t e s t  r i n g  i s  r e l a t i v e l y  
notch tough a t  ambient temperature  and when a x i a l l y  o r i e n t e d  a t  -320'F. 
s e n s i t i v i t y  i s  appa ren t  i n  the  r a d i a l  and t a n g e n t i a l  o r i e n t a t i o n s  a t  -320°F7 
and i n  a l l  o r i e n t a t i o n s  a t  -423'F. 

Notch- 

3.  Mechanical P r o p e r t i e s  of Hand Forging "C" 

The low temperature  t e s t s  desc r ibed  e a r l i e r  were performed 
us ing  a s l i g h t l y  smaller forg ing  (see  Figure 10). P r o p e r t i e s  a t  t he  test  r i n g ,  
top ,  c e n t e r ,  and bottom l o c a t i o n s  were s tud ied .  These d a t a  are l i s t e d  i n  
Tables  9 and 10 and i l l u s t r a t e d  g r a p h i c a l l y  i n  F igu res  22 through 24. 

The t e s t  r e s u l t s  i n d i c a t e  t h e  fol lowing s i g n i f i c a n t  f e a t u r e s :  

a.  The d a t a  a r e  i n  agreement wi th  prev ious  f i n d i n g s  r ega rd ing  
t h e  e f f e c t  of  temperature  upon mechanical p r o p e r t i e s .  I t  confirmed t h a t  when 
the  tempera ture  i s  lowered, s t r e n g t h s  and no tch  s e n s i t i v i t y  a r e  inc reased  w h i l e  
d u c t i l i t y  i s  decreased.  

b. Highest  s t r e n g t h s  were obta ined  i n  the  tes t  r i n g .  Lowest 
s t r e n g t h ,  s u p e r i o r  toughness,  and h ighes t  d u c t i l i t i e s  were obta ined  a t  t h e  
c e n t e r  s e c t i o n .  The top  and bottom s e c t i o n  p r o p e r t i e s  were e s s e n t i a l l y  equi-  
v a l e n t  

Gene ra l ly ,  when comparing the  c e n t e r - s e c t i o n  p r o p e r t i e s  o f  t he  
i m p e l l e r  and inducer  fo rg ings  (v i z . ,  Forgings "A" and "C", r e s p e c t i v e l y )  
Forging "A" has i n f e r i o r  s t r e n g t h  but  supe r io r  d u c t i l i t y  ( see  F igures  25 and 
26) .  Highes t  s t r e n g t h s  a r e  obtained near t he  quenched s u r f a c e  whi le  d u c t i l i t y  
v a r i a t i o n s  are  smaller ( see  F igure  27 ) .  

A l l  of  t he  above observa t ions  are  based upon exper imenta l  
r e s u l t s  and a l low t h e  f c l l o v i n g  genera l  conclus ions  t o  be drawn. 
forgi i igs  havc r e l a t i v e l y  poor toughness a t  a temperature  of  -423'F. 

The 7079-T652 
A l s o ,  
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F igure  2 1  
The E f f e c t  of  Temperature on T e s t  Ring Smooth-Bar 
Mechanical P r o p e r t i e s  of  Forging “Brr T e s t  Ring 
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F i g u r e  23 
The E f f e c t  of  Temperature on t h e  Smooth Bar Mechanica l  

P r o p e r t i e s  o f  Forg ing  "C" a t  t h e  C e n t e r  S e c t i o n  Area 
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Figure 24. 
The Effect of Temperature on the Smooth Bar Mechanical 

Properties of  Forging "C:: at the "Dottom S e c t i o n  Area 
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Figure  25 
Comparative Forging "C" Cente r  S e c t i o n  

Mechanical P r o p e r t y  Range 
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Comparative Forging r r C r '  Test Ring Mechanical P r o p e r t i e s  
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Figure 27 

E f f e c t  o f  Forging T h i c k n e s s  on the Room- and Low-Temperature 
Mccliani c a l  Properties of Forging "C" 

6 2  



t h e  toughness does n o t  vary g r e a t l y  i n  fo rg ings  o f  t he  two d i f f e r e n t  s i z e s ;  
t h e  impe l l e r  (30-in.  diameter)  and the  inducer  (20-in.  diameter) .  
o f  extremely l a r g e  7079 fo rg ings  are inf luenced  i n  p a r t  by o r i e n t a t i o n ,  
specimen l o c a t i o n ,  and mass-quench e f f e c t .  

P r o p e r t i e s  

4. Mechanical P r o p e r t i e s  of  Hand Forging "D" 

The t e n s i l e  d a t a  f o r  Hand Forging I'D" (Figure 10) a r e  l i s t e d  
Pronounced v a r i a t i o n s  i n  s t r e n g t h  and d u c t i l i t y  a t  ambient t e m -  

The e f f e c t  o f  c ryogenic  temperatures  upon 
i n  Table  11. 
p e r a t u r e  and -423OF a r e  ev iden t .  
t h e  t e s t  r i n g  mechanical p r o p e r t i e s  i s  i n  agreement w i t h  prev ious  r e s u l t s .  

Although the  7079 tes t  r i n g  w a s  notch tough (based on notch- 
y i e l d  r a t i o )  a t  ambient temperature ,  i t  was no tch  s e n s i t i v e  a t  -423'F. 

5. E f f e c t s  of -T6 Temper Reheat-Treatment (Af te r  
Rough Machining) on P r o p e r t i e s  o f  Hand Forging "E" 

A s  p rev ious ly  s t a t e d ,  t h e  t e n s i l e  s t r e n g t h  of t h e  c e n t e r  
s e c t i o n s  w a s  cons iderably  lower than the  t e n s i l e  s t r e n g t h  of  t he  p e r i p h e r a l  
tes t  r i n g s .  Therefore ,  tests were performed t o  determine whether improvements 
i n  s t r e n g t h  and d u c t i l i t y  would r e s u l t  when t h e  -T6 temper r e h e a t  t rea tment  
w a s  used a f t e r  rough machining t o  remove extraneous m a t e r i a l .  

The p r o p e r t i e s  of  t h e  c o n t r o l  specimens and t h e  -T6 r e h e a t -  
t r ea tmen t  specimens a r e  l i s t e d  i n  Table  12.  The c o n t r o l  specimen t e s t  r e su l t s  
compared favorably  wi th  those  of  the  Forging "C" c e n t e r  s e c t i o n ,  which i s  of  
e q u i v a l e n t  "as forged" dimensions. Both s t r e n g t h  and d u c t i l i t y  are good. 

A s  shown i n  F igure  28, r ehea t  t rea tment  produced the  fo l lowing  
e f f e c t s  upon a x i a l  p r o p e r t i e s :  

a.  At ambient temperature,  u l t i m a t e  and 0.2% o f f s e t  y i e l d  
s t r e n g t h s  were inc reased  approximately 12% and 28%, r e s p e c t i v e l y .  

b. A s i m i l a r  percentage  i n c r e a s e  i n  s t r e n g t h  w a s  noted a t  
c ryogenic  tempera tures .  

c .  D u c t i l i t i e s  were lowered. Ambient temperature  e longa t ion  
and r e d u c t i o n  of  area were lowered approximately 33% and 20%, r e s p e c t i v e l y .  
A x i a l  r e d u c t i o n  of area w a s  lowered approximately 42% a t  -320'F. 

d .  Notch-yield r a t i o  was lowered from approximately 1.28 t o  
0.87 a t  320°F. 

The i n c r e a s e  of s t r e n g t h  i s  a s c r i b e d  t o  t h e  mass-quench e f f e c t .  
The -T6 t r ea tmen t  o f  a smal le r  rough machined s e c t i o n  r e s u l t e d  i n  f a s t e r  c o o s  
i n g  from s o l u t i o n  t r ea tmen t ;  t h e r e f o r e ,  higher  p r o p e r t i e s  were obta ined  a f t e r  
ag ing .  
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Figtire 28 
Tie Effect of -TS Reheat-Treatment After Rough Machining 

on Room- and Low-Temperature Mechanical Properties of Forging "E" 
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The d a t a  shows t h a t  toughness w a s  impaired by -T6 reheat-  
Formerly notch  tough a t  room temperature  and -320°F, notch-  t rea tment  temper. 

toughness i s  appa ren t  on ly  a t  room temperature  i n  the  -T6 r ehea t - t r ea tmen t  
temper. Both cond i t ions  d i s p l a y  notch s e n s i t i v i t y  a t  -423OF, 

I n  cons ide r ing  the  above descr ibed  i n f l u e n c e  of -T6 
rehea t - t rea tment  temper on a l l o y  p r o p e r t i e s ,  the  7079 fo rg ing ,  i n  the  s e c t i o n  
s i z e  and phys ica l  cond i t ion  as  t e s t e d ,  was s u p e r i o r  i n  toughness when -T652 
tempered, 

6 .  Mic ros t ruc tu re  

The m i c r o s t r u c t u r e  of  Forging "C" a t  t h r e e  l o c a t i o n s  i s  shown 
i n  Figures  29 through 31. The impor tan t  f e a t u r e s  i l l u s t r a t e d  i n  these  micro- 
graphs a r e  a f i n e r  g r a i n  s t r u c t u r e  a t  the  p e r i p h e r a l  a r e a ,  a s l i g h t l y  cored 
cen te r  s e c t i o n ,  and i n c l u s i o n s  i n  the  ma t r ix .  

The coa r se ,  cored-gra in  s t r u c t u r e  a p p a r e n t l y  con t r ibu ted  t o  
the  lower s t r e n g t h  of  the  forg ing  c e n t e r  s e c t i o n .  Although an i n v e s t i g a t i o n  
was n o t  performed t o  s tudy  the  e f f e c t  of h o t  working, i t  appears  t h a t  -T6 
r ehea t  t rea tment  would have been more b e n e f i c i a l  i f  t he  c e n t e r - s e c t i o n  g r a i n  
had been r e f ined  by h o t  working p r i o r  t o  the  -T6 r e h e a t  t r ea tmen t .  Th i s  i s  
ev iden t  when t h e  t e s t  r i n g  p r o p e r t i e s  of Forging rrC" a r e  compared w i t h  the  re -  
h e a t  t r e a t e d  c e n t e r  s e c t i o n  P r o p e r t i e s  of  Forging "E". The only  appa ren t  
d i f f e r e n c e  i s  the  g r a i n  s i z e  because the  two s e c t i o n s  a r e  a t  t h e i r  maximum 
hea t - t rea tment  s t r e n g t h  l e v e l ;  however, t he  t e s t  r i n g  had s u p e r i o r  p r o p e r t i e s .  

I t  i s  concluded t h a t  g r a i n  s i z e  i s  e q u a l l y  as impor tan t  as  
hea t - t rea tment  i n  c o n t r o l l i n g  t h e  p r o p e r t i e s  of  l a r g e  7079 f o r g i n g s .  Because 
g r a i n  s i z e  i s  p r i m a r i l y  c o n t r o l l e d  by h o t  working, i t  i s  e s s e n t i a l  t h a t  b i l l e t  
s tock  be g r a i n  r e f i n e d  ex tens ive ly  a t  a l l  areas t o  o b t a i n  a fo rg ing  w i t h  
h igher  p r o p e r t i e s .  

I n c l u s i o n s  were found i n  the  7079 fo rg ings .  The poor toughness 
of 7079 forgings a r e  a sc r ibed  t o  these  i n c l u s i o n s  as w e l l  as  e cored s t r u c -  
t u r e  and the high a l l o y  con ten t .  Work of  o t h e r  i n v e s t i g a t o r s t b  w i t h  7000 
s e r i e s  aluminum a l l o y s  a l s o  r e l a t e d  the  poor toughness of  t hese  m i c r o s t r u c t u r a l  
condi t ions .  These i n v e s t i g a t i o n s  a l s o  observed t h a t  7079-T6 s h e e t  (0 .080-in.  
t h i c k )  possessed h igher  toughness,  as  measu red  by n o t c h - t e n s i l e  r a t i o ,  than a 
7079-T6 forging (5 .0- in .  b i l l z t ) .  Th i s  i s  probably  because of t he  g r e a t e r  
d i s p e r s a l ,  o r i e n t a t i o n ,  and ref inement  o f  i n c l u s i o n s  i n  the  s h e e t  (by t h e  
r o l l i n g  opera t ion)  which minimized t h e i r  no tch  e f f e c t  i n  t h e  h i g h - s t r e n g t h  
ma t r ix .  The i n c l u s i o n s  i n  the  l a r g e  7079 fo rg ings  were g e n e r a l l y  segrega ted  
a t  g r a i n  boundaries and they appear  t o  be less e f f e c t i v e  as  s t r e s s - r i s e r s  i n  
a low s t r e n g t h  ma t r ix  as compared w i t h  a h igh  s t r e n g t h  ma t r ix .  The s u p e r i o r  

(5) C h r i s t i a n ,  J. L . ,  and Watson, J. F.,  " P r o p e r t i e s  of  7000 S e r i e s  Aluminum 
Alloys a t  Cryogenic Temperatures,1t  Advances i n  Cryogenic Engineer ing ,  
V O ~ .  6 ,  pp. 604-621, 1960. 
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Figure 29 

Magnification: lOOX Etchant: Flick's 
Microstructure of Forging C (Peripheral Location) 

Figure 30 
Microstructure of Forging C (One-Half Radius Location) 

Magnification: 100s Etchant: Flick's 

Figure 31 
mlcrostruciure o f  ~ o r g t n g  c (Three-quarter R.adi1.1~ Location) 

Magnification: lOOX Etchant: Flick's 
.,. 
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toughness found a t  t h e  c e n t e r  s e c t i o n  of  these l a r g e  fo rg ings  appea r s  t o  be 
p a r t l y  caused by t h e s e  f a c t o r s  of  l o w  m a t r i x  s t r e n g t h  and i n c l u s i o n  d i s t r i -  
bu t ion .  

I 

7. Fa t igue  P r o p e r t i e s  

The r e s u l t s  of r o t a t i n g  beam and tension/compression f a t i g u e  
t e s t s  a r e  l i s t e d  i n  Tables  13 through 15 and p l o t t e d  i n  F igure  32. The S- log  
N curve  fo r  7079 convent iona l  s i z e  wrought product ,  a s  r epor t ed  i n  the  
l i t e r a t u r e ( ' ) ,  i s  included i n  F igu re  32. Analys i s  of  t h e  d a t a  revea led  the  

I fo  1 lowing : 

a .  The f a t i g u e  s t r e n g  h s  i n  reversed  bending c l o s e l y  approx- 
imated those r epor t ed  i n  t h e  l i t e r a t u r e t 7 )  f o r  commercial-size wrought p roduc t s .  
There w a s  good data  a reement i n  t h e  lo6  and 10 8 cyc le  range;  t h e  wides t  d i s -  
p a r i t y  occurred a t  lo! cyc le .  

b .  The f a t i g u e  s t r e n g t h s  i n  tension/compression were lower 
than those  obta ined  i n  reversed  bending. 
d i f f e r e n c e  i s  approximately 40%; t h i s  i s  n o t  unusual .  
found t h a t  f o r  round specimens of 2014-T4, bending s t ress  gave approximate ly  
41% h ighe r  r e s u l t s  than a x i a l  s t r e s s .  

For example, a t  lo8  c y c l e s ,  the  
One i n v e s t i g a t o r ( 8 )  

c .  The agreement o f  f a t i g u e  t e s t  d a t a  w i t h  l i t e r a t u r e  d a t a  
i n d i c a t e s  t h a t  a l though the  l a t t e r  might n o t  be d i r e c t l y  a p p l i c a b l e  t o  f i n a l  
des ign  of hardware,  they se rve  as good f i r s t - approx ima t ion  des ign  va lues .  

The r e s u l t s  o f  t h e  t ens ion -  t e n s i o n  f a t i g u e  t e s t s  a re  
l i s t e d  i n  Table  16. These r e s u l t s  pe rmi t t ed  c o n s t r u c t i o n  o f  t he  S-Log N 
curve shown i n  F igure  33 and the  S t r e s s  Range Diagram shown i n  F igu re  34. 
The diagram i s  based upon the  assumption t h a t  t h e  a b i l i t y  o f  a m a t e r i a l  t o  
w i ths t and  combined a l t e r n a t i n g  (Fa) and s t e a d y  (F,) s tresses can be de f ined  
by a s t r a i g h t - l i n e  func t ion  of t h e  t e n s i l e  u l t i m a t e  (F,) s t r e n g t h  and t h e  
f a t i g u e  (Fe) s t r e n g t h ;  i t  i s  assumed t h a t  t he  fo l lowing  r e l a t i o n s h i p  i s  
a p p l i c a b l e .  

Fa = Fe (1 - Fm/Fu) 

The diagram i n  F igu re  34 i s  f o r  a x i a l  t e s t s .  The p l o t t e d  
I , p o i n t s  f o r  10' and lo7  cyc le s  a re  w e l l  below t h e  Goodman l i n e ,  wh i l e  t hose  

5 f o r  the  10- cyc le  a r e  above the  Goodman l i n e  ( see  F igu re  3 2 ) .  

(6 )  Reynolds Aluminum Data Book, p. 37 ,  1961. 
(7) i b i d .  
( 8 )  Saver ,  J. A . ,  and Lemon, D.  C . ,  " E f f e c t  o f  S teady  S t r e s s  o f  F a t i g u e  

Behavior o f  Aluminum," Trans ASM, v o l .  4 2 ,  p. 559, 1950. 
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CYCLES TO FAILURE FOR 7079-652 FORGING "C" AT 
VARIOUS STRESS LlNFLS UNDER CONDITIONS OF COMPLETE 

BENDING STRESS REVERSAL AT ROOM "EMPERATLTRE 

Stress 
(ksi) 

65 

60 

50 

45 

40 

37.5 

35 

30 

30 

30 

30 

27-5 

25 

22.5 

Cycles to Failure 

1 , 300 

2,450 

8,900 

16 , 300 

23,900 

49,100 

46 , 100 
314 , 100 

484 , 000 

1,871 , 600 

131 , 700 

1 , 129 , 000 

5 J 742 

100,000,000 
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TABLE 14  

CYCLES TO FAILURE FOR 7079-652 FORGING "A" AT 
VARIOUS STRESS LEIWLS UNDER CONDITIONS OF COMPLETE 

ALTERNATING TENSION/COMPRESSION STRESS REVERSAL 
AT ROOM TEMPERATURE 

Stress ( k s i )  

55 

45 

38 

35 

30 

30 

25 

25 

20 

20 

1 5  

15  

76 

Cycles to Failure 

2,400 

16,000 

18,500 

37,700 

73 , 000 
58,000 

98,000 

49,000 

307 , 000 

253,000 

597,000 

10,763,000 



TABLE 15 

GRADE 7079-T652 FATIGUE STRENGTHS AND 
FATIGUE S T R E "  - ULTIMATE TENSILE AND YIELD S'I"GTH 

RATIOS AT ROOM TEMPERATURE 

A. Forging "C" i n  completely reversed s t ress  

Fatigue Strength Fatigue Strength - Ultimate 
Cycles (ks i )  Tensile Strength Ratio 

*V I .  Q o 4'26 4 10 

105 31 0.470 
r 

lo6 28 

107 25 

0.424 

0.379 

22 0.334 a 10 

B. Forging "A" i n  tension/compression 

Fatigue Strength Fatigue Strength - Ultimate 
Cycles (ksi)  Tensile Strength Ratio 

38 0 535 4 10 

105 21 

1-5 
6 10 

107 1 5  

0.296 

0.2ll 

0.2ll 

Fatigue Strength 
o .2$ Offset Yield 
Strength Ratio 

@ -927 

0.600 

0.540 

0.484 

0.425 

Fatigue Strength 
0.a Offset Yield 
Strength Ratio 

0.696 

0.386 

0 -275 

0 -275 
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(OOOT X V d )  SSRXLS 

Figure  32 

S t r e s s  v s  Log-Cycle Curve f o r  7079-T652 Forg ing  
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'TABLE 16 

TENSION-TEXSION FATIGUE TEST RPSULTS OF GRADE 7079-T652 FORGING A T  
ROOM TEMPERATURE 

Steady Stress  
(ks i )  

20 
20 
20 
20 
20 
20 
20 

10 
10 
10 
10 
10 
10 
10 

Al terna.ting Stress 
(ksi  ) 

15 
12.5 
10 
10 
7.5 
6 -25 
5 

15 
12.5 
10 
10 
7-5 
7-5 
5 

20 
17-5 
15 
12.5 
12.5 
12.5 
10 

Cycles t o  Failure 

34,000 
67,000 

n9,ooo 
183, 000 

8,086,000 
787, cm 

io, 725 ,COG 

71,300 
95,700 

2,173 , 000 
256,000 
799,000 

6,958,000 
15,4 90,000 

37,000 
53,000 

3,224,000 
1,140,000 

250,000 
187,000 

2,8 93,000 
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( F d  OWT) SSTLLS 3NILVWZLTV 
Figure 3 3  

Steady P l u s  A l t e r n a t i n g  S t r e s s e s  V S  

Log-Cycle Curves f o r  7079-T652 Forging 
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MEAN STRESS (lo00 Psi) 

Figure 34 

S t r e s s  Range Diagrsn? f o r  7079-T652 Forging 
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The da ta  p o i n t s  f o r  f a t i g u e  p r o p e r t i e s  showed cons ide r -  
a b l e  s c a t t e r ;  t hese  p r o p e r t i e s  were a p p a r e n t l y  inf luenced  by flow l i n e s  and 
g r a i n  s i z e .  The r e s u l t s  o f  t he  f a t i g u e  t e s t s  emphasized t h e  importance of 
determining i n d i v i d u a l  fo rg ing  f a t i g u e  s t r e n g t h .  

These t e s t s  s e rve  t o  demonstrate t h a t  l a r g e  7079 fo rg ings  
have low f a t i g u e  s t r e n g t h .  This  p rope r ty  f a c t o r ,  t o g e t h e r  w i th  i t s  low tough- 
n e s s ,  make 7079 a poor cand ida te  f o r  i nduce r  a p p l i c a t i o n  i n  l i q u i d  hydrogen. 

8. Inducer  and Impe l l e r  Blanks and Finish-Machined P a r t s  

The impe l l e r  and induce r  fo rg ing  b lanks  a r e  shown i n  F igu res  
35  and 37', r e s p e c t i v e l y .  
machined subsca le  inducer  a r e  shown i n  F igu res  36 and 38. A comparison 
between the  photographs of  t h e  fo rg ings  and t h e  machined p a r t s  i n d i c a t e s  t h e  
amount of me ta l  removed dur ing  machining. 

The p a r t i a l l y  machined i m p e l l e r  and f i n i s h e d  

IV. CONCLUSIONS 

The r e su l t s  were analyzed and t h e  conclus ions  as r ega rds  t h e  l a r g e  7079- 
T652 hand fo rg ings  a r e  as  fo l lows:  

A.  The fo rg ings  were notch  tough a t  ambient tempera ture .  They were 
notch  s e n s i t i v e  a t  -423'F, and s l i g h t l y  notch  s e n s i t i v e  a t  -320'F. 
s e n s i t i v i t y  appeared t o  be p a r t i a l l y  dependent upon m a t r i x  s t r e n g t h  and 
d u c t i l i t y  l e v e l s ,  as  w e l l  a s  g r a i n  s i z e  and o r i e n t a t i o n .  

The no tch  

B. The fo rg ings  appeared s a t i s f a c t o r y  f o r  s e r v i c e  a t  tempera tures  down 
t o  -32O0F f o r  t h e  M - 1  i m p e l l e r s .  
f a c t o r y  f o r  l i q u i d  hydrogen (-423'F) s e r v i c e  i n  t h i s  s i z e  and a p p l i c a t i o n  
because of  poor notch  toughness;  i f  used, c o n s e r v a t i v e  des ign  va lues  m u s t  be 
a p p l i e d .  

However, Grade 7079 i s  n o t  cons idered  s a t i s  

C. Ambient temperature f a t i g u e  p r o p e r t i e s  c l o s e l y  approximated those  
of  commercial s i z e  wrought p roduc t s ,  bu t  a d d i t i o n a l  f a t i g u e  t e s t i n g  i s  r e q u i r e d  
t o  o b t a i n  da ta  a t  l i q u i d  hydrogen tempera ture .  

v. RECOMMENDATIONS 

The following recommendations a r e  based upon t h e  i n v e s t i g a t i o n  desc r ibed  
h e r e i n  : 

A .  Continue e v a l u a t i o n  of  7079-T652 t o  o b t a i n  f a t i g u e  data t o  -423OF. 

B. Consider h ighe r  toughness t i t a n i u m  (Ti-5A1-2.5Sn) and n i c k e l - b a s e  
( Inconel  718) a l l o y s  f o r  i m p e l l e r  s e r v i c e  a t  -423OF. 
aluminum a l l o y s  developed s p e c i f i c a l l y  f o r  c ryogen ic  s e r v i c e  a r e  of i n t e r e s t ,  
i nc lud ing  X7106, X7005, and X7039. The mechanica l  p r o p e r t i e s  of  t h e s e  a l l o y s  
should be assessed  i n  l a r g e  f o r g i n g s .  

S e v e r a l  o f  t h e  new 
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